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S5TUDY OF EQUIPMENT AND METHODS

FOR REMOVING OIL FROM HARBOR WATERS

ABSTRACT

A ocost effectiveness analysis was performed for equipment,

matcrials, and rtechniques [or the removal of spilied petroleum

products from the surface of port and harbor waters used by
U.S. Naval craft. LEffectiveness criteria, formulated for

present methods and presently available equipment and materiais,
included speed, completeness, easc of operation, effect on

marine life, and availability,

Parameters for the effectivencess

study were based on the petroleum products now in use or planncd

physical, and environmental characteristics of ports used hy

the U.,S. Navy.

The two most cost-effective systems for broad

application were found to be mechanical rccovery of spilled
material by surface suction devices, supplemented by mechanicul

pier- or vessei-mauntad high pressure spray equipment. Recom-

inciudod:  the develepment of additional technolegy
Cee pertinent to petroleum product spilis of concern o Naval
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FOREWORD

This report summarizes research conducted by Battelle-
Northwest for the Department of the Navy, Naval Civil
tngineering Laboratery, under Contract No. N 62399-69-C-0028,

The vesearch team comprised:

P. C. Walkup Manager, Systems Design Development
(Project Manager)
P, L., Petcrson Technical Leader, Marine

Engineering Function (Recovery
Systems Lvaluation and Cos®
Analyses)

L. M. Polentz Technical Leader, Systems Decign
Studies (Characteristics, Behavior,
and Effects of Spilled Materials)

C. H. Bloomster Senior Research Engineer, Design
and Analysis (Effectiveness
Evaluation and Formulation)

E, H. Phinney Manager, Synoptic Meteorology

7 _ , (Wind and Weather Analysis)
' D. Smith Research Engineer, Systems Design

' Development (Delineation of

- - DL Reference Ports and Harbors)
\’qua;k aw Research anlneer, Systems Design
CTTER e s e 2 e, T T Quryey and
» Evaluation) ' IR

Acknowledgment must a2lse be given to the outstanding
counoration ond atglsoance provided by the many interested
purtics,  Opecial thanks go to NAVFAC regional sanitary
engineers, Navy Buas? personnel, Federal Water Pollution Control
Administration personnel and many manufacturers of commercial
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STUDY OF EQUIPMENT AND METHODS
FOR REMOVING D1l FROM HARBOR WATERS

1. INTRODUCTION

Many types of equipment, materials, and technigues aave
been employed to remove spilled petroleum products from the
surface of havnor waters. The range of avedible spill situations
and petroleuwn products with high potential involvement suggests
that o single system 1s likely to be cumnietely effective,

This study is intended to identify und descrive the most cost-
ef{fecive available systems consicsting of jresent or new com-
broaticins of existing cquipment, mavcerisis, and techniques.
it is ailso intended to identify vresernc deficiencies and
reconmend specific measures Tor future employment by the Navy
to combat spills at Naval installutions in ports and harborfs in
considrration of costs, cffectiveness, speed, hazards, ecological
¢ffeois, environmentai and goographic factors, and physical
festures of the pori or hazpor. The study focuses on the major
petroleam products in cvorent use by the Navy or planned for
fururs use,

tho technical Summary and Conclusions section outlines the
findings of vhi¢ study, including recommendations. The Opera-
ticnea) “rocedinres section is intended to assist the Navy in
imolomeating the results of this study., The Discussion section
i~ ¢rpanized to present technical background on the petroleum
products studied (Bunker C, Navy Special, JP-5 and a new
vistiilate Fuel) and their behavior and fate after spillage;
choracteristics of ports and harbors and a discussion of polliu-
tion regulations; formulation and analysis of effectiveness
measurement, identification of candidate equipment, materials,
and techniques, and evaluation of the effectiveness of candidate
systems; identification and cost analysis of most effective
systems; and definition of future work needed, Supporting
information appended to the report includes detailed port and
environmental data, procurement information on materials and
equipment, effectiveness computation sheets for cach candidate
system, and illustrations of recommended systems and equipment.
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2. TECHNICAL SUMMARY AND CONCLUSIONS
CHARACTERISTICS OF OIL AND ITS BEHAVIOR AFTER SPILLAGE

The materials in current use or planned for future use by

the U. S. Navy are:

JP-5 Turbine Fuel

Distillate Fuel

Navy Special Fuel 0il

Bunker C Fuel 0il
Physical characteristics of these materials range from» a low
density, low viscosity material (JP-5) to a high density, high
viscosity material (Bunker C). The Distillate Fuel, a new
product which thke Navy plans to employ in the next few years,
physically resembles JP-5. The initial relative ratas of
spreading of these materials during the first hour or so after
spillage on water are estimated to be:

Rate of Spreading,

ft/min,
Material For 200 Gallon Spill
Bunker C 0
Navy Special 2.7
JP-5/Distillate Fuel £.3

The behavior of these materials is described in the sectioas
entitled Characteristics of Spill Materials and Behavior of
Spilled Petroleum Products, pages 4-1 to 4-11. In sumaary
evaporation rates after spillage would be very low for the residual
materials (Bunker C and Navy Special) but would be quite signif-
icant for the lighter and more volatile materials. Evaporation
rates under field conditions are highly dependent on air contact
area, air velocity, and temperature. Up to 8% of spilled
gasoline has been observed to evaporate in three hours at a
temperature of 34 °F with very low surface wind velocity. The
evaporation of the volatile products (JP-5 and Distillate Fuel)
would be expected tuv approach such rates. For the other
materials, evaporation would be minimal.

Rates of movement with surface winds would be expected to
be about three percent of the wind velocity. Slicks would be
expected to move at the same rates as prevailing surface
currents.

Unrecovered oil will ultimately evaporate and be deposited
on shore or be dispersed in the water, Unevaporated material
will eventually undergo biological degradation at rates wnich
depend on the microorganisms present, the availability of oxygen,
t:mperature, and the degree of dispersion. These conditions vary
so widely and quantitative relationships are sc¢ obscure that no
meaningful rates of oxidation can be estimated.
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EFFECTS OF SPILLED PETROLEUM PRODUCTS

The effects of spilled petroleum products are described and
evaluated in the section titled Effects of Spilled Petroleum
Products, pages 4-11 through 4-16, The following paragraphs
summarize these findings.

Following a petroleum spill on waters, the risk of fire is
minimal, Even when ignition has been purposely attempted, the
loss of heat to the supporting water surface inhibits burning.
Except for the first five or ten minutes following a spill of
JP-5, there would be virtually no danger of fire from the four
materials considered in this study.

Experience has shown considerable variance in o0il spillage
effects on mari: : life., Massive spills of refined petroleum
products have been shown to cause extensive mortality of marine
organisms., Spills of lesser magnitude can cause flavor tainting
and condemnation of shellfish, Heavy o0il slicks cause gross
mortality of sea birds. Qualitatively, the damage to marine
life for the spill sizes and materials considered in this study
is expected to be quite modest for sites having a low spill
frequency. For sites having a high spill frequency, the effects
of chronic exposure of commercially and recreationally valuable
marine areas can be severe. The most harmful material to marine
life considered in this study is JP-5, followed by Distillate
Fuel, Navy Special and Bunker C, in that crder. The use of
chemical dispersants for treatment can significantly increase
toxicity.

The effects of oil on property are inverse to the effects
on marine life. JP-5 and Distillate Fuel evaporate rapidly,

are most readily dispersed, and are easily removed from surfaces.

Damage by the heavier materia.s (Navy Special and Bunker C) is
almost entirely esthetic. They are very difficult to remove
from beaches, water craft, and structures, and represent the
greater liability potential,

REFERENCE PORTS AND HARBORS

Domestic Unitad States ports and selected installations
outside the continental United States were characterized as to
environmental characteristics and resources threatoncd by oil
spillage. This characterization is described in the section
entitled Reference Ports and Harbors, pages 4-16 to 4-i2,
and detailed supporting information is given in Appendix A.
Sites which are most susceptable to oil spillage and have major
Naval traffic are Massachusetts Bay, Narragansett Bay, Delaware
Bay, Charleston Harbor, Port of Jacksonville, San Juan Harbor,
Puget Sound, San Francisco Bay, San Pedro Bay, and Pearl Harbor.
Table 1 lists parameter ranges for these sites.
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TABLE 1. Parameter Ranges for Reference Ports and Harbors
Parameter
Physical Characteristics .
‘ Area, nmi2 14 to 767
L Shore Line, nmi 2 28 to 1157
C Average Depth, ft 35 to 80
o Environmental Characteristics
) Max. Current, knots 0.5 to 5.0
f Mean Sea Temp, °F 50 to 78
‘ Expected Significant Wave
, Height 90% of Time, ft 0.39 to 1.63
Resources
Recreational Beaches Yes
C Boat Marinas Yes
- Sport Fishery Yes
' Commercial Fishery No
Commercial Shell Fish Yes !

These summary data were used in deriving the effectiveness
parameters and criteria for assessing candidate oil removal

systems,

EFFECTIVENESS ANALYSIS

i ; The section entitled Effectiveness Analysis, pages 4-20
‘ to 4-53, describes the procedures, base data, candidate equip-
ment, materials, and techniques, and their comparative
effectiveness for removal of spilled petroleum products from
harbor and port water surfaces. The analysis comnsisted of the
following steps:

o Definition of effectiveness criteria and development
{ of appropriate indices.
; ® Definition of parameter ranges.
| e Identification of alternative systems for satisfying the

SNATR e st wTE

LT

o criteria.
: e Computation of the relative effectiveness of candidate

systems under all combinations of parameters.

M Effectiveness criteria were taken as: (a) completeness of

. . removal of spilled material; (b) speed of application; (c) effect
¥ on pollution or hazard; (d) applicability to limited access

‘ ‘ areas; (e) sensitivity to natural phenomena; (f) toxicity to

l

l

s A Mo

marine life, and (g) availability,

Parameters were defined with the environmental and physical
characteristics of reference ports and harbors and the past
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history of spillage incidents. They were:
Spill Size - 200 to 2000 gallons
Spill Frequency - 10 to 50 spills/year
Spill Material - JP-5, Distillate Fuel, Navy Special,
and Bunker C
Harbor Flushing - Minimal to >0.5 knot current with
adequate flushing.

Equipment, materials, and techniques potentially capable of
meeting the criteria within the defined parametric ranges were
classified as follows:

e chemical
e chemomechanical
e mechanical

Chemical treatment includes use of dispersants and materials
which sink the oil, e.g. carbonized sand. Dispersants are
normally sprayed on the slick, and agitation is required either
at the time of application or subsequent to spraying.

Chemomechanical systems employ a chemical agent to sorb or
gel the oil, and subsequent mechanical recovery.

Mechanical recovery methods include the use of rotating
drums or endless belts, and gravity skimming devices employing
weirs, suction pumps, and manual labor. Either self-propelled
vessels or portable units which require auxiliary means for
deployment are available.

Each system within these classifications was considered
with and without containment. However, the addition of this
capability improves the effectiveness of every system. Both
hypothetical and existing systems of oil recovery were con-
sidered in the effectiveness analysis. Hypothetical systems
were composed of the possible combinations of individual equip-
ment pieces, materials, and techniques comprising existing
systems. A total of 27 systems were considered as being
potentially effective. Of these, 12 were clearly superior.
These, in generic terms, were:

Effective-
ness Index
System Total Score
1) Sorbents/manual retrieval plus containment boom. 144
2) Gellants/manual recovery plus containment boom. 144
3) Suction devices plus containment boom. 144
4) Chemical dispersants plus containment boom. 141-1/2
5) Sorbents/conveyor plus containment boom. 128
6) Gellants/conveyor plus containment boom. 128

7) Endless belt on water surface plus containment
boom. 128
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Effe.tive-
ness Index
System Tot~l Score
8) Chemical dispersants applied directly to the
slick. 126
9) Sorbents/portable suction device plus contain-
ment boom. 120
10) Rotating drum or endless belt (non-sorbent
surface) plus containment boom. 112
11) Gravity skimmer or weir plus containment buom. 112
12) Rotating drum or endless belt (sorbent surface)
plus containment boom. 112

COST EFFECTIVENESS ANALYSIS

Details of the cost effectiveness analysis are given in the
sections entitled Effectiveness Analysis and Cost Analysis of
Most Effective Systems, pages 4-20 to 4-53, Costs were estimated
on a life cycle basis. The cost for each system was then divided
by the effectiveness index for each system. These cost effective-
ness ratios were then used as the basis of comparison of the
postulated systems with the following results:

Most tost-
_ Parameters Lffective System
Calm sea and Suction device plus
All assumed All petroleum All spill minimal current containment
spill sizes p:oggcss frequencies Moderate sea and Chemical dispersant
studie <1/2 knot current with auxiliary
- agitation

It was concluded that Naval installations vulnerable to
frequent spills should have both systems available. Under calm
water conditions with minimal current, the suction device/boom
system should be used. The chemical dispersant system should be
used when water surface conditions are moderately severe or
when significant currents exist (~1/2 knot), and where the use
of chemical dispersants is not prohibited. Bunker C spills at
temperatures below its pour point (30 to 60 °F) are not effec-
tively treatable by any of the currently used equipment,
materials, and techniques except for manual retrieval.

RECOMMENDATIONS

It is recommended that two general systems be employed
for removal of spilled petroleum products from water surfaces of

ports and harbors:
e Chemical dispersants supported by auxiliary agitation--
under moderate water surface conditions and currents where

not otherwise prohibited.
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® Suction devices with containment booms--under cam
conditions with minimal current present.

It should be recognized that the scope of this study was
based on moderately sized spills recorded in connection with
Naval operations in ports and harbors. Massive spills would
undoubtedly require other strategies and techniques. It should
also be recognized that this study was based on the present
state-of-art. Successful conclusion of equipment and matcrial
development programs now in progress could substantially
modify these recommendations,

It is believed that Naval installations which have
experienced frequent spill incidents should have both systems
available., Sites which are not so vulnerable may economize by
providing the system which best suits the prevailing weather
and hydrography.

A number of activities,  whose implementation promises
improvement of economy, effectiveness, or in rieventing future
spill incidents, were identified. We believe thac these should
be pursued--perhaps not only by the Navy, but by other organiza-
tions concerned with oil pollution in ports and harbors, To
implement these activities, the following efforts should be
undertaken,

® Develop additional treatment technology and study spilled
oil behavior on harbor and port waters, including:

a. Accurate methods for measurement or estimation of
spill volumes., This is particularly important for
treatments involving the use of dispersants, sorbents,
or gellation agents in order to predetermine required
application rates, Refinement of the '"Blokker"
technique for estimation of slick thickness after
spillage, to take into account temperature, oil
properties, and evaporation, appears to be a possible
estimation method,

b. Standardized effectiveness and bioassay tests for
chemical dispersants which covers the range of
possible spill materials. Current tests involve only
Navy Special.

c. Comparative evaluation of materials locally available
at Naval installations and which are capable of
serving as sorbers or agglomerants. This would be
particularly valuable in the remote event of a massive
spill, and should include the range of possible spill
materials and such materials as straw, fly ash, pumice,
volcanic ash, talc, and shredded bark.
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Provide detailed management planning anc preparation for

coping with spill incidents, including:

a. Provide formal training programs for personnel charged
with spillage countermeasures xt all Naval installa-
tions., The program should be developed for each site,
include conservation and hazards aspects, and be
presented by recognized authorities.

b. Develop a detaiied action plan for coping with both
moderate and massive spills of all petroleum products
potentially involved in spillage at each Naval
installation, Fall back positiors should be included.

c. Review each Naval installation to inventory materials
and equipment available, and supplement as necessary.

Install equipment at Naval installations to protect

sensitive or vulnerable areas, structures, natural

resources, and private property. This equipment should
include:

a. Permanent air barrier--mechanical boom combinations at
fueling stations or other sites where operational
considerations indicate frequent spillage.

b. Surface water spray jet systems on structures having
piling supports. By this method, spill material could
be washed from under the structure to make it
accessible for treatment,

Support innovative development activities, perhaps in

concert with other Government agencies or departments whose

objectives would be to:

a, Develop dispersants which require application rates
approximating those for the more effective current
materials but whose toxicity thresholds are on the
order of 1000 ppim. Such materials are needed to
accomplish '"final polishing'" after initial cleanup, by
other methods, of spills of rapidly spreading materials
such as Distillate Fuel and JP-5.

b. Develop automated mechanical methods of collecting
and removing, from water surfaces, oil agglomerates
which have been formed by the use of sorbents,

c. Develop flexible, readily deployable booms, fabricated
of materials generally available to Navy installations
and which have disposable skirting and covering.

d. Develop in situ methods of producing polyurethane or
other foams which have optimal void volume, pore size,
and density, with regard to oil pollutants of concern
to the Navy.

e. Develop a rapidly deployable, integral, o1l pickup-
containment device.

[

b g

PR




-

3. uPLRATIONAL PROCED.RE .

The foilowing paragraphs describe plans, procedures, and
practices indended to assist the Navy 1n implementing the
results of this study.

TRAINING AND ACTION PLANNING

Adequate training oi ¢.:rational personnel is essential
for minimizing the cost of ..1 recovery and cleanup as well as
assuring the most beneficial results {rom the equipment and
materials employed. Operators familiar with the capabilities,
limitations, and availability of existing equipment can avert
accidents and minimize maintenance and repairs on equipment as
well as cope with spills in the most effective manner.

The scope of necessary training includes emergency con-
tainment, operation of recovery or treatment equipment, and
surveillance and prediction of slick movement,

Containment of released petroleum prodect as near to the
source as possible is an essential first step in effective oil
spill treatment. The lighter products, such as JV-5 and
Distillate Fuel, spread into virtually uncontainable slicks in
the absence of influences such as current and wind, within
20 to 30 min following release., Environmental factors, while
perhaps reducing the rate of spreading, can cause the slick to
drift into inaccessible areas or to structures, facilities, or
beaches that can become contaminated and subsequently require
substantial cleanup operations.

The rapid deployment of containment equipment can be
effectively accomplished only by trained personnel, The .
training must include a presentaiion of the capabilities and
limitations of each available boom, such as maximum towing
speed, method of attachment or mooring, auxiliary equipment
required, etc. In addition, the training should include
practice drills in order that optimum deployment methods can
be ascertained for various possible spill situations and loca-
tions within an area, 0il does not have to be present on the
water surface for practice drilling of emergency containment
procedures.

Equipment operators should be thoroughly familiar with the
capabilities and limitations of equipment, Many unexpected
events can occur during a spill or the ensuing cleanup opera-
tions, and the operator must know in advance how the equipment
will react to a range of credible events. Training of
personnel in the proper usage of equipment also assures maximum
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Lidlectrvenesa, for exanasle, a4 crew operating a chemical
diespersant system should be awave of the proper application

fravtis cver o+ range of petroleum products and slick thicknesses,
Insufficient application or subsequent agitation will often
result in recoalescence o: thc dispersed oil, while excess
application unnecessarily adds to the cost and possible toxscicy.

Contingency planning at facilitics wherc (requent s5ills
occur naturally evolves after a nuishber of spilis are treated,
The experience and planning of the isuilities that do handle
numerous spills might well be passc. wn tn ether iess eaperienced
facilities,

Contingency planning is not a resdi:v definable term with
respect to oil spill treatment, However, acveral aspects can
be identified that are applicable to mict inscallations.

These include:

e Maintenance of a current tabulation which includes the
amount of material on hand, status of equipment, and
availability of emergency services to cope with oil spills.

e Establishment of up-to-the-minute sources from which infor-
mation, pertaining to existing and expected weather and
sea conditions and surface currents, can be obtained to
permit prediction of slick destination and behavior. This
information can further serve as a guide to system selection
if alternatives are available.

e Identification of the most likely locations and times for
spills to permit optimum storage locations of equipment
and materials. Information of this nature is essential
for consideration of permanent barriers to prevent o0il
spread or penetration.

»n Evaluation of the facilities, resources, marine life and
recreational areas, at or near each installation, that
could potentially be affected by either an oil slick or
dispersed oil. Further investigation should include the
conditions that will cause the o0il to reach the areas
evaluated., This can indicate the most effective system
(if a choice is available) under a given set of existing
conditions and, further, identify areas at which
secondary defensive measures are desirable.

EMERGENCY CONTAINMENT

Containment or encirclement of o0il spills is highly
desirable in almost every conceivable spill occurrence. The
timeliness of deployment cannot be overemphasized. Fire -
departments often retain custody of booms because they can be
available on a 24 hour/day basis, and the personnel are
accustomed to reacting to emergency situations. The potential

Best Availzhla Copy
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fire hazard associated with volatile product spills further
justifies the choice of a fire department crew for emergency
containment. A slick that is quickly contained may not require
immediate recovery.

An efficient spill reporting system is essential for
effective containment. Ships' personnel must be encouraged to
report any spill immediately, and the deployment of observers
may be justified in installations that have frequent spills.
The report should include the type of product, exact spill
location, and an estimate of the volume. Emergency communica-
tions should simultaneously inform the containment crew and
the fire department,

SELECTION OF SYSTEMS

The choice of the optimum o0il spill recovery or treatment
system is dictated by an evaluation c¢f the combined cost and
effectiveness. The two systems identified for general applica-
bility to a broad spectrum of Naval installations were
(a) chemical dispersants applied directly to the slick and
(b) suction devices in conjunction with containment booms. The
parameters for each installation must be examined to ascertain
which of these systems best suits the conditions at that
facility. For example, if rough water is common at a particular
location, suction devices are not effective. Similarly, in
aireas of minima. currents or tidal flushing, the effectiveness
of chemical dispersants is highly questionable,

The general classes of equipment cr materials (such as
chemical dispersants) includes a great variety of types and
sizes available from various manufacturers., The size and
capacity of mechanical equipment or support vessels should not
be any larger than required for the particular application,
The choice of size and capacity can be influenced by several
factors:

e Limited access areas in proximity to spill locations

(requires maneuverability).

e Anticipated frequency and volume of spills.
e Availability of existing vessels,

Several hundred products are available for chemical
dispersion of o0il products. A list of some of the more common
is included in Appendix B, The proprietary nature of the
formation generally prevents specific information concerning
the exact composition, thus resulting in procurement of an
unknown compound,

Many dispersants are not applicable to all tvpes of
petroleum products and the toxicity to marine life varies widely,
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Information from manufacturers concerning toxicity, effective
dispersion ratio, corrosicn or personnel safety hazards is
often overly optimistic or based on nonrepresentative tests.
Thus, the product should be either tested on the entire range
of petroleum products for both effectiveness and toxicity or
information should be sought from unbiased sources (if these
indeed do exist) concerning the above factors. Comparative
tests of several products simultaneously and under the same
conditions minimize the effect of experimental vagaries.

Any chemical product that is found effective should not be
replaced by another without comparative tests of all pertinent
aspects by the user.

Integrated o0il recovery systems, such as those including
a stationary oil retrieval device and storage receptacles
fixed to the craft, have a disadvantage from the availability
standpoint, If any mechanical failure occurs, such as engine
or pump failure, the whole system is unavailable until the
trouble is remedied., Damagc io the surface vessel produces
similar results., The periodic or unexpected maintenance on
large vessels, such as LCM's, can render a system unavailable
for extended periods. In areas where frequent spills occur,
it would appear particularly desirable to make the mechanical
recovery apparatus and storage receptacles semi-portable and
thus enable transfer to another vessel in the event of
mechanical breakdown,

USE OF EQUIPMENT

The manufacturer's operating and maintenance guides and
recommendations should be followed unless the results are
unsatisfactory. One aspect of personnel training should stress
the importance of not deviating unnecessarily from the
recommended guidelines.

The recommended method for application of chemical
dispersants varies considerably in that some manufacturers
recommend dilution of the dispersant and vigorous agitation of
the slick during application, while others recommend applica-
tion of the undiluted dispersant to the surface followed by a
period of several minutes to allow penetration before agitation.
The dispersants requiring an undisturbed penetration period are
therefore not applicable to slicks in choppy waters.

Dispcrsants amenable to application in a diluted condition
through high pressure nozzles (eductor systems) are probably
best suited to utility around Naval installations. Nozzle
pressures in excess of 200 psi are common and result in con-
siderable turbulence upon striking the water surface. Auxiliary
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agitation provided by fire hoses ar. the natural screw and kwll

wake of the surface craft also promote mixing. Dilutioas of

10-50 parts water per part of dispersant are frequemtly

employed. -

Surface craft that dispense chemical dispersaats aeed saly
deck space to accommodate the pumping cquipment asd storage
space for about 12 barrels of the dispersant. Crews mormslly
can be limited tv two or three gersoinel, with ore pilotiag the
craft, another apply.ag the spray, and tde third teading the
equipment.

Suction devices take various forms and therefore compati-
bility with surface vessels will vary. Generaliv, all
recover a considerable volumc of water (up to 901} ian additiom
to the oil and large storage tamks arc required (up tc
10,000 gallons plus decanting capability). Surface craft
employed for this purpose normally are in the 30 to 40 ft ramge.
Two or three persoanel are required ior the crew. Some of the
more recently developed suction devices might mirimize the
required storage capability, because they recover greater -
percentages of oil, and thus permit smaller support vessels.
Suction devices normally can be made sewi-rortable.

Two usefui 3accessories are desirable for use vith floating
containment booms, if available for the type used. These are (a)
a buoyant "bridge”™ which will support suctioa hoses exteaded
across the boom and (b) a device xhich permits the boom to be
drawn over it to ccncentraie the o0il slick by reducinsg the
cnclosed area. Inflatable booms xill aot normally esdure such
hardling operations and are therefore not recommended for
emergency containment. A suitzble air supply is also ofteas a
problem in open water areas. Scme booms car be folded
accordion-wise to decrease the encliosed area on the water
surface.

SECONDARY DEFENSES

The prevention of 2il penetration iato imaccessible areas,
such as under piers,can be effacted by any of several methods.
However, the protection of ail of the facilities and ina2ccessible
areas around a typical Xaval facility may ast be ecomomically
feasible. Two relatively inexpensive systems do have merit for
secondary contaiament. The first employs discarded haxsers
that can be stcred along the pier and cz2sily deployed from the
pier. After contamination, tdey could be d:scarded. Discarded
fire hose can be used for the samc purposc, but am air supply
is required. Tne sccond method is a2 aormally passive sysiem
that cmploys a perforated pipe mountcd aborve the water surface
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on the inside surfaces of piling. One end would be connected

to a water supply. If properly designed, water jets provide a
satisfactory barrier to surface oil, The pipe might require
provisions for vertical excursions in harbors where considerable
tidal fluctuation exists.,

Another type of secondary defense might be the provision
of discarded hawsers to nearby boat marinas or other, similar
facilities, such as recreation beaches, that might require
costly restoration if contaminated. The owners could be
notified if it appeared that oil pollution was imminent. This
type of cooperation promotes good public relations in addition
to potentially averting costly pollution.




vt

R

4-1

DISCUSSION
CHARACTERISTICS OF SPILL MATERIALS

Four fuel cils have been considered in this study: Bunker C
Fuel 0il, Navy Special Fuel 0il, Distillate Fuel, and .JP-5§
Turbine Fuel. The published properties of these fuels are listed
in Table <.

Bunker C Fuel 0il is the principal industrial boiler fuel
oil. It is also known as No. 6 fuel oil and PS400 fuel oil, is a
commercial product, and there is no military specification for it.
It is a residual oil, i.e. it is what is left after the more
volatile components have been distilled out of the crude oil.
Some of the original contaminants, such as sulfur, remain in the
residual oil, Its characteristics can vary rather widely and
depend upon the properties of the crude oil from which it is
extracted, It is a very viscous, tarry oil which is heated to
reduce viscosity before pumping. It is a heavy o0il, and, in some
cases, may have a specific gravity as large as 1.07 at 60 °F. A
representative value for the specific gravity of sea water at
60 °F is 1.025.

The characteristics of Navy Special Fuel 0il are given in
Military Specification MIL-F-859E, Amendment 2, 4 August 1967,
"Fuel 0il, Burner." It consists of a hydrocarbon (petroleum) oil
with no additives.

The characteristics of the Distillate Fuel are given in
Military Specification MIL-F-24376 (SHIPS), 27 January 1969,
"Fuel, Reference, and Standard Distillate." It is a petroleum
distillate with chemical additives which may include any or all
of the following:

Antioxidant 9.1 g/100 gal fuel (U.S.) Maximum
Metal deactivator 2.2 g/100 gal fuel (U.S.) Maximum

The characteristics of JP-5 are given in Military Specifica-
tion MIL-T-5624G, Amendment-1, 21 November 1966, "Turbine Fuel,
Aviaticn, Grades JP-4 and JP-5." This fuel is a high flash-point
kerosene required by the U.S. Navy primarily for carrier opera-
tions. Very few, if any, commercial turbine fuels satisfy the
JP-5 specifications. JP-5 comprises the basic petroleum base
(high flash-point kerosene) and a group of chemical additives
which may include any or all of the following:

Antioxidant 9.1 g/100 gal fuel (U.S.) Maximum
Metal deactivator 2.2 g/100 gal fuel (U.S.) Maximum
Corrosion inhibiter 18.2 g/100 gal fuel

e i e i S -
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TABLE 2. Petroleum Product Properties
Bunker C Navy Special| Distillate JP-5
Fuel 0il Fuel 0il Fuel Turbine Fuel

Gravity, °API |1-10.8 11.5 min. 27 min. 36-48
Specific

Gravity 60/60{1.067-0.994 0.989 max. 0.893 max. | 0.845-0.788
Flash Pt.,

min., °F -- 150 150 140
Viscosity

SUS e 85 °F -- 225 min, -- --
SUS @ 122 °F -- 225 max. -- --
SSF @ 122 °F |125-200 -- -- --
Kinematic,

cS e 100 °F -- -- 2.0-10.0 --

cS @ -30 °F -- -- -- 16.5 max.
Fire Point,

°F min. -- 200 -- --
Flash Point,

°F min. -- 150 -- --
Freeze Point,

°F max. -- -- -- -51
Explosiveness,

% max. -- 50 50 50
Pour Point,

°F 30-60 15 20-30 --
Aromatics,

vol% max. - -- -- 25

Representative variations and ranges of viscosity and spe-
cific gravity with temperature for the four petroleum products
considered are shown in Figures 1 and 2,
and specific gravity have been estimated from data obtained from

suppliers and in literature of suppliers of some of the
different products.

BEHAVIOR OF SPILLED PETROLEUM PRODUCTS

The ranges of viscosity

The edge of an oil slick can move in two ways--the slick can
spread out and cover more area, and it can move as a unit under
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the influence of current or wind. The novement of the edge of
the slick would equal the algebraic sun of the two components.

Spreading

Very little information is available in the literature on
the spreading of large quantities of oil. The dearth of informa-
tion is due, at least in part, to the strong public objections
to the pollution which would result from performing large-scale
experiments with petroleum on bodies of water. Some small-scale
experiments have been conducted, howzver, and their results have
contributed to a knowledge of the mechanics of spreading.

Observations have been made of the spreading which followed
large, accidental spilis.

Berridge,‘l) et al investigated the rate of spread of a
homogeneous o0il slick for a group of crude oils with specific
gravities ranging from 0.829 to 0.896. Their work indicated that
the thickness of the slick tended to keep reducing, and the area
increasing, until the thickness of the slick, for the oils tested,
reduced to 0.0008 to 0.0012 in. The time required for a spill of
100 m3 (26,400 gal) of oil to reduce to a slick of that range of
thickness was 27.7 hours. They also observed that, for their
samples, the slicks became distorted and moved bodily at speeds
greater than the rate of spreading when the wind velocity reached
3 mph (4.4 ft/sec;. In addition, they verified many of the find-
ings of Blokker(2) and modified the equation (that he developed)
relating slick radius and time to give a relationship for slick
thickness vs, time--

siick thickness = k/tz/s where t = sec, slick thick-
W 2/3
ness = cm, and k = (v/n)1/3 [ Spo(p:_po)K;'] /
where v = volume of oil, cm3
by = density of vil, g/cm3 s
Py = density of water, g/cm
Kr = a constant for a given oil

This relationship shows that the tendency for the oil slick
to expand is, in part, a function of the difference in the den-
sities of the oil and the water. As the difference approaches
zero (as for a Bunker C Fuel 0il) the spreading force also
approaches zero.

Blokker also determined that the rate of spread of a homoge-
neous oil slick is approximately proportional to the instantaneous
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mean layer thickness. The spreading rate is also influenced by
the viscosity, surface tension, interfacial tension between water
and oil, density, chemical composition, pour point of the oil,
current, and, as previously noted, wind speed.

The value of the pour point of an oil may have a profound
influence on its spreading characteristics. An oil with a pour
point higher than the temperature of the water, as could be the
case with some Bunker C's, wouid form a semisolid mass that would
have very little tendency to spread, particularly if its specific
gravity approached that of sea water,

Both Blokker and Berridge concurred in the finding that
spreading velocity is not a direct function of the viscosity of
the oil as might have been expected. The influence of viscosity
is relatively small, especially during the initial stages of the
spill. Blokker, for example, noted that the time required for
spilled oil to spread out to a slick of 2 cm thickness was very
short, on the order of one minute for 100 m3 for sgills of oils
with viscosities ranging from 0.8 to 490 cP at 20 °C. Berridge,
et al, found, as previously noted, that the thickness of the
slicks resulting from 100 m3 spills of oils with viscosities
rangigg from 4.13 to 25.0 cS at 100 °F was fairly uniform after
27.7 hours.

Movement with Winds and Currents

An oil slick, or a blob of high-density oil, will move as a
unit under the influence of water current or wind velocity. The
0il will move at the same velocity as the water current when con-
ditions have stabilized, providing no other forces are acting.
The relationship of oil slick velocity to wind velocity is not so
simple, however, and different investigators have arrived at
different conclusions.

Brockis(s) quotes the results of a series of experiments
carried out in Japan, coordinated by the Maritime Safety Agency.
They determined that the oil slick moYi with the wind at a rate
of about 4% of the wind speed. Smith reports that the results
of a series of careful observations of wind velocity and oil
slick movement, taken at 6-hr intervals from a land meteorologi-
cal station, indicated an average rate of oil slick movement
equal to 3.4% of the wind speed with the movement in essentially
the same direction as the wind. He also quoted results obtained
by Hughes(5) who found that plasiic envelopes floating close to
the surface of the Atlantic Ocean moved parallel to the direction
of surface wind at 3.3% of the wind speed. A Weather Bureau
meteorologist estimated that, in the case of the Santa Barbara
Channel 0il-Pollution Incident, that the oil slick drifted
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downwind at a rate equal to 10 to 20 percent of the surface wind

speed.(6) He also stated "ees instances of skin layer shear were

noted with surface oil moving rapidly past nearby stationary free
floating debris suspended less than half an inch below the

water surface."(7)

For steady-state conditions, the ratio of slick speed to air
speed can be estimated analytically by making a few simplifying
assumptions. If we assume that the oil slick is a large, flat
plate, floating on the surface of a body of water, the body of
0il will tend to move if a wind blows across it. The wind, pass-
ing over the surface of the oil, will exert a drag force on the
top of the oil. At equilibrium conditions, this drag force will
be opposed by an equal and opposite drag force exerted by the
water on the bottom of the c¢il mass. For an estimation of the
relationship between speed of movement of the o0il mass and the
speed of the wind, the two crag forces can be equated. For skin
friction, drag force, Dg = CFAoVZ/Z where Cg = skin drag coeffi-
cient, dimensionless, p = density of fluid, slugs/ft3, A = area
of surface, ft2, and v = velocity of fluid relative to object,
ft/sec. Cg is a function of Re{nolds Number, (Re), and, for
turbulent flow, Cg = 0.074/(Re) /5 where Re = pLv/u, where p =
fluid density as gefore, slugs/ft3, v = velocity, ft/sec, u =
absolute viscosity, 1b sec/ft2, and L = length of surface in the
d:rection of movement, ft.{(8) The above relationship is valid
for drag force on one surface for Reynolds Numbers greater than
500,000.

For air at 60 °F,
0.0175 cps = 3.67 x 107 1b sec/ft?

KA
PA = 0.00233 slugs/ft>

For sea water at 50 °F,

1.5 cps = 3.14 x 10°° 1b sec/ft?

U =
v 3
My = 1.985 slugs/ft
= -7 _
ReAir = 0.00233 LVA/3.67 x %g = 6,360 L x Va
Rewater = 1.985 va/3.14 x 10 = 63,200 L x Vu

If we assume an oil slick 100 ft long, then the air velocity
would have to exceed 0.80 ft/sec (0.47 knots) and the velocity of
the o0il slick in the water would have to exceed 0.080 ft/sec
(0.047 knots) for the Reynolds Numbers to exceed 500,000. The
two velocities would have to exceed these values for the movement
of the o0il slick to be of interest, so we can assume turbulence
at both water and air interfaces.
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Drag Air = Drag Water

D, = 0.074 7 A o, vAz/z = 1.495 x 10°° AvAl's/LO'Z
(6,369 Lv,)"" -
9.074 2. 23 . 1.8,.0.2
D s A o, v, 22 = 8.00 x 1073 av 18/

¥ (63,200 Lv,)

The areas will be the same, top and bottom, and the lengths will
be the same. The drags will be equal.

1.495 x 10°° AVAI’S/LO'Z = 8.04 x 2073 av, 18,02

_ 1/1.8 _
vA = vw x 538 = 33 v,

or speed of cil slick in water = 3.0% of air speed.

This is a simplification of the actual situation, but it
does tend to substantiate, from a theoretical standpoint, the
findings of the TORREY CANYON investigators,(4) Hughes, () and
the Japanese investigators.(3)

One other factor that affects the direction of travel of an
oil slick is the component due to the Coriolis acceleration. If
the wind has a north or south directional component, the oil
slick will not move in the exact same direction as the wind but
will veer off at a slight angle due to its change in latitude.
In the northern hemisphere any southerly wind-induced movement
will be accompanied by a slight westerly component of the oil-
slick velocity. A northerly component in the wind velocity will
produce an easterly drift. In the southern hemisphere the drift
components of the velocity will be reversed, i.e., south wind--
eastward drift and northward--westward drift,

The estimate of oil-slick sgeed equal to 10 to 20% of air
speed made by the meteorologist( ) was evidently more of a gues<
based on visual observations. That estimate does not appear to
have been based on measurements as was the estimate made by the
TORREY CANYON investigators. Moreover, the meteorologist's
observation appeared to include the effect of spreading as well
as movement, and this could be applied to the movement of the

periphery of an o0il slick due to the combined effects o” spread-
ing plus slick movement.

Based on the results of the different investigators reviewed
above, coupled with the theoretical analysis, it would appear
that the speed of movement of an oil slick as a unit, due to the
drag force exerted by a wind blowing across its surface, would be
in the range between 3 and 4% of the wind speed.
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The rate of sprecading of an oil slick in a harbor, and its
resulting thickness, can be quite different from those in an open
sea. In a harbor the water is often contaminated, or becomes
contaminated by surface-active substances in the spreading oil.
In these cases, the thickness of the oil slick will tend to be
greater than would be the case on a clean-water surface. In such
a case the oil slick may reduce to 0.040 to 0.080 in. in thick-
ness, and then the reduction in thickness may stop or continue at
a slower rate. At the closed end of a harbor, wind may cause a
considerable increase in the thickness of an oil slick. An
8-knot wind, for example, may keep a layer of oil that is trapped
at the end of a harbor at a thickness of 1 in., according to
Blokker.

Another very important factor in estimating the rate of
spreading of a contaminant in a harbor is the effect of the
characteristics of the particular harbor. The difference in the
rate of dispersal of a dye released in different harbors was
noted by Fisher(9) in his study of the rate of dispersal of a
quantity of Rhodamine-B dye simulated contaminant released in the
strait at Mare Island, California, Fisher found that an equation
developed by Sir Geoffrey Taylor(10) provided a reasonably accu-
rate estimate of the concentration to be expected at a given time
and location in an open channel such as the Mare Island Strait.
The relationship for the concentration at a given time and at a
distance from the discharge point cqual to the current velocity
multiplied by time after release, reduces to

M

C:
28 Vo K t
where: C = concentration of contaminant

M = initial mass of contaminant

S = cross-sectional area of channel through which con-
taminant has spread

K = coefficient of diffusion
t = time after release of contaminant

For a given set of conditions, then, C is proportional to K'l/2
where K depends upon harbor conditions, point of release, and
time after release. Values of K for different harbors, deter-
mined by tests, vary widely. Representative values for different
harbors and conditions are given below.
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K, ft’/nr
Mare Island Strait, immediately after
release of contaminant 517
Mare Island Strait, ebb current flow 25
Carquinez Strait 4.9 x 104
Pearl Harbor 40 - 160
James River 104 - 107
San Diego Bay 10° - 108

The average value of K for the Mare Island Strait, as deter-
mined from the tests reported by Fisher, equalled 270 ftZ2/hr.
Comparing this with the average K reported for James River of
5.005 x 106 gives differences for the maximum concentration at a
point, other factors considered equal, in the ratio of
0.0608/0.000447 or 136:1.

From the reported experiments and theoretical analyses, it
is deduced that the rate of spreading of an o0il slick in a still
harbor will go through three phases. The first spreading phase
will last less than a minute for a 200 gal or 2000 gal spill. At
the end of this phase the three lighter fuel oils will have
spread out so that the thickness of the slick is less than 2 cm
(0.788 in.). At this time the area covered by 200 and 2000 gal
spills would equal 408 ftZ and 4,080 ft2 respectively.

The second phase of spreading will take place according to
the Blokker relationship. During this phase, the JP-5 will
initially spread faster than the Distillate Fuel which will, in
turn, spread faster than the Navy Special. As the thickness of
the slick decreases, however, the spreading force also decreases,
so the rate of spreading of the JP-5 will reduce with time more
than will the rate of spreading of the heavier oils after the
initial spreading. After the lapse of 24 hr, the slick thick-
nesses and areas of the three lighter fuel oils will be nearly
the same. At this time, too, the spreading rates will again
approach one another, and the oil will reduc2 to film thickness
during this third phase.

The effect of harbor currents and winds ca: overpower the
effects of spreading during phases two and three. The configura-
tion of the harbor, the amount of contaminants already in the
water, the speed of the current, and the space available for the
spreading of the oil slick can all have a very important bearing,
but none of these can be predicted in advance.

The foregoing summary pertains only to JP-5, Distillate
Fuel, and Navy Special. The Bunker C, depending upon its density
and pour point, may spread little or not at all,.
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Fate of Unreccovered Material “

0il which is not recovered from the water may remain either
dissolved in the watcer (a small amount), on the surface or sus-
pended in the water, adhering to structures or rocks, mixed with
the sand at the shoreline, or on the bottom of the sea if it has
been sunk with a sinking agent. The small amount that is in
solution will largely be dissipated rapidly by current and tides,
though residuals may persist for many weeks in a closed area such
as a bay or harbor., 0il which has been mechanically sunk to the
bottom will largely break loose, little by little, and rise
slowly to the surfuce. This oil, the oil remaining in the water,
and that adhering to structures or shore, will be gradually
degraded biologically.

Report of an cxtensive study by ZoBcll(ll) concluded that,
"Virtually all kinds of o0il arc susceptible to microbial oxida-
tion. The rate of such oxidation is influenced by the kinds and
abundance "of micro-organisms present, the availability of oxygen,
temperature, and the dispersion of the oil in water. Microbial
oxidation is most rapid when the hydrocarbon molecule is in inti-
matc contact with water and at temperatures ranging from 15 to

35 °C; some oxidation occurs at temperatures as low as 0 °C. An
average of one-third of the hydrocarbon may be converted into
bacterial cells, which provide food for many animals. The
remaining two-thirds of the hydrocarbon is oxidized largely to
co, and 11,0. In the marine environment, oil persists only when
prétected “from bacterial action,

Based upon rates at which marine bacteria have been observed
to oxidize various kinds of mineral oils under controlled labora-
tory conditions and upon information on thc abundance of bacteria
in the sea, it is estimated that 011 might be oxidized in the ‘sea
at rates as high as 100 to 960 mg/md day or 36 to 350 g/m3 year.

In summary, if cenvironmental conditions, (nutrients, tempera-
ture, and oxygen availability) are satisfactory, and if suitable
microbial populations arc prescent, oil wiil be degraded in the
ocean, However, the rates of hydrocarbon degradation are slow
when compared with those of the oxygenated derivatives. There
has been much speculation recent